Background: The clinical use of BRAF inhibitors for treatment of metastatic melanoma is limited by the development of drug resistance. In this study we investigated whether co-targeting the MAPK and the PI3K-AKT pathway can prevent emergence of resistance or provide additional growth inhibitory effects in vitro. Methods: Anti-tumor effects of the combination of the BRAF inhibitor (BRAFi) dabrafenib and GSK2141795B (AKTi) in a panel of 23 BRAF mutated melanoma cell lines were evaluated on growth inhibition by an ATP-based luminescent assay, on cell cycle and apoptosis by flow cytometry and on cell signaling by western blot. Moreover, we investigated the possibilities of delaying or reversing resistance or achieving further growth inhibition by combining AKTi with dabrafenib and/or the MEK inhibitor (MEKi) trametinib by using long term cultures.
Introduction
BRAF inhibitors such as vemurafenib or dabrafenib efficiently block signaling downstream of the mutated BRAF V600 protein, which initially results in profound growth inhibition of the melanoma cells [1, 2] and high frequency of tumor regression in the clinic [3, 4] . However, the clinical use of these agents is limited by development of acquired drug resistance [5] . Accumulating data suggest that a single resistance mechanism does not account for acquired resistance to BRAF inhibitors -instead a diverse array of mutations and signaling alterations has been described. The best characterized core pathway resistance mechanism is reactivation of the MAPK pathway. This can be achieved by activating mutations in NRAS [6] , amplification of the BRAF V600 gene or truncations in the BRAF V600 protein through alternative splicing resulting in lack of inhibition by the drug due to increased dimerization [7, 8] . Activating mutations in MEK and overexpression of the Ser/Thr MAP kinase kinase kinases (MAP3K8, COT/Tpl2) has also been described in the context of BRAF inhibitor resistance [9] [10] [11] . A common feature for these MAPK reactivating resistance mechanisms is that they bypass inhibition of BRAF and thereby restore activation of ERK. Thus, blocking downstream MAPK pathway at the level of MEK, alone or in combination with BRAF inhibition could be a strategy to overcome this type of resistance and clinical trials addressing this issue are already ongoing [12] . It is highly likely that acquired resistance to the increasing use of dual BRAF and MEK inhibition for the upfront treatment of patients with metastatic melanoma may lead to increased reliance on MAPK-independent pathways during drug escape [13, 14] . In this setting, oncogenic signaling can possibly be restored by enhanced signaling through the PI3K-AKT pathway. Over-activity of the PI3K-AKT pathway can be achieved by activating mutations in the signaling molecules, deletion of the phosphatase and tensin homolog (PTEN) or overexpression or over-activation of receptor tyrosine kinases (RTKs) such as the platelet derived growth factor beta (PDGFRβ) [6, 15] , the insulin-like growth factor receptor-1 (IGFR-1) [16] or the epidermal growth factor receptor (EGFR) [17] .
Given that the MAPK and the PI3K-AKT pathways are the predominant signaling pathways in melanoma and that MAPK-independent resistance to BRAF inhibitors can be mediated through enhancement of signaling through the PI3K-AKT pathway, it would be reasonable to combine a BRAF inhibitor with an inhibitor of the PI3K-AKT pathway to achieve synergistic antitumor activity [18] [19] [20] [21] [22] . This is further supported by the fact that these two pathways are connected in a complex network with extensive cross-talk and feedback loops operating at different levels [13, [23] [24] [25] [26] [27] [28] .
In this study, we tested the hypothesis that combining the BRAF inhibitor dabrafenib, which recently has been approved for clinical use by the US Food and Drug Administration, with a novel AKT inhibitor tool compound GSK2141795B (AKTi), which is an analogue of the clinically tested AKT inhibitor GSK2141795, would have superior anti-tumor effects in BRAF V600 mutant melanoma cell lines compared to single agent dabrafenib. Furthermore, we investigated whether addition of the AKTi upon resistance to MAPK inhibitors could provide secondary responses, and whether upfront combination of dabrafenib, trametinib and AKTi could delay the emergence of drug resistance. Here we provide evidence that the combination of dabrafenib and AKTi synergistically inhibits proliferation in the majority of cell lines tested. Furthermore, we show that AKTi can delay the emergence of resistance to MAPK inhibitors and also provide further growth inhibition upon resistance to a combination of MAPK inhibitors in the only AKTi sensitive cell line tested in this study.
Results

Effects of single agent dabrafenib or AKTi on cell growth and cell signaling
In this study, a panel of 23 previously described [1, 6] melanoma cell lines harboring BRAF V600 mutations (Table 1 ) was used to assess the effects of targeting the MAPK pathway and the PI3K-AKT signaling pathway. The panel included 19 drug naïve cell lines and four  sub-lines (M229AR, M238AR, M397AR and M409AR) with acquired resistance to the BRAF inhibitor vemurafenib developed by continuous in vitro exposure to this drug [13] . The MAPK pathway was inhibited by the BRAF inhibitor dabrafenib and the PI3K-AKT pathway was inhibited by the AKT inhibitor GSK2141795B (AKTi). By performing growth assays (Additional file 1: Figure S1A ) and arranging cell lines according to their IC50 values a cut-off of 100 nM for resistance to dabrafenib as single drug was determined on the basis of the natural gap in the IC50 values ( Figure 1A) . This divided the cell lines into two groups: sensitive (IC50 < 100 nM, 43%, 10 out of 23) and resistant (IC50 > 100 nM, 57%, 13 out of 23) to dabrafenib. The sensitive group could further be divided into two groups: very sensitive (IC50 < 1 nM) and sensitive (1 nM < IC50 < 100 nM). In 8 out of the 13 resistant cell lines (from M308 and to the right in Figure 1A ), the IC50 was not achieved in the tested concentration range (e.g. IC50 < 10 μM). Based on the inhibitory effects of single agent AKTi and according to the calculated IC50 values for this inhibitor, cells lines were divided into three groups ( Figure 1B ): sensitive (IC50 < 1.5 μM), intermediate resistant (1.5 μM < IC50 < 5 μM) and resistant (IC50 > 5 μM). PTEN is a known negative regulator of the PI3K-AKT pathway and lack of expression or mutations in the protein can cause over activity of this pathway. Interestingly, most of the PTEN null cell lines were among the AKTi sensitive cell lines including M249, M411, M399, M397 and M397AR, indicated with red bars. However, M233 has homozygous PTEN loss but was less sensitive to AKTi. The only known AKT mutant in this series, M262 (AKT1
E17K
), was also found in the sensitive group (blue bar).
The efficacy of the drugs in inhibiting the signaling pathways was verified by western blot analysis of phosphorylated proteins ( Figure 1C and 1D ). Dabrafenib caused a clear reduction in p-MEK, p-ERK and p-S6 at a concentration as low as 50 nM in the dabrafenib sensitive cell line M411, whereas such reductions were not evident in the dabrafenib resistant cell line M299 ( Figure 1C ). AKTi caused a concentration dependent decrease in p-S6, p-4E-BP-1 and p-GSK-3β in the AKTi sensitive cell line M411. On the contrary, in the AKTi resistant cell line M299, AKTi only reduced p-GSK-3β ( Figure 1D ). In both cell lines, both drugs induced p-AKTs, suggesting activation of feedback mechanisms; however the induction of p-AKTs was more pronounced by AKTi.
Combinatorial treatment with dabrafenib and AKTi enhances cell growth inhibition in dabrafenib sensitive and resistant cell lines After evaluating the growth inhibition resulting from treatment with each drug alone, we explored whether blocking both pathways by the combination of dabrafenib and AKTi would enhance the growth inhibitory effects. The IC50 values for the combination of the two drugs (serial dilutions, in constant ratio to each other) were significantly lower compared to the IC50 values for each drug alone in the majority of cell lines sensitive and resistant to dabrafenib (Figure 2A and 2B) . A similar trend was observed in the very sensitive group ( Figure 2C ). However, due to the extreme sensitivity of these cells to dabrafenib, additional growth inhibitory effect of AKTi was not as pronounced. In the sensitive group, the reduction in IC50 values ranged from 81% (M249) to 89% (M263) compared to the IC50 values for dabrafenib alone (Figure 2A ). In the dabrafenib resistant group, the IC50 for dabrafenib was achieved in only four cell lines (e.g. IC50 > 10 μM). In these, the reduction in IC50 values with the combined treatment ranged from 73% (M397AR) to 93% (M255) ( Figure 2B ). In order to determine whether the enhanced growth inhibitory effects by the combined treatment were additive or synergistic, combination index values (CI) for the combination of the two drugs at IC50 were calculated by the Chou-Talalal method. The CI values showed synergistic effects (CI < 1) in all cell lines with a significant reduction in IC50 by the combined treatment ( Figure 2D and Additional file 1: Figure S1B ). However, at IC75 four (including M411 and M397) out of 5 cell lines in the very sensitive group showed synergism (data not shown).
Basal levels of p-AKT in cell lines with differential sensitivity to dabrafenib and AKTi Changes in signaling through MAPK and PI3K-AKT pathways upon treatment with combination of dabrafenib and AKTi
To further explore the effects of the two drugs, we selected 6 cell lines with differential sensitivity to single agent dabrafenib or AKTi (Table 2) M424  M249  M411  M399  M414  M263  M397  M397AR  M407  M255  M370  M233  M410  M308  M409AR  M229AR  M409  M238  M238AR  M406  M299 p-S6K in this cell line. In the two cell lines resistant to both drugs, M409AR and M299, a synergistic effect of combined treatment, assessed by reduction in p-S6, was observed only in M409AR. This finding is in agreement with the fact that growth inhibition with combined treatment of M409AR was superior to M299 (Additional file 1: Figure S1A ). Despite resistance to dabrafenib, a decrease in p-MEK and p-ERK was seen in M410, M409AR and M299. Overall, reduction in p-S6 seemed to be the hallmark of the effects of single agent dabrafenib or AKTi or the combination (Additional file 2: Figure S2 ). In all the tested cell lines, AKTi alone or in combination induced the level of p-AKTs suggesting activation of a feedback mechanism.
Dabrafenib in combination with AKTi increases the subG1 population in AKTi sensitive cell lines and induces apoptosis
To investigate whether dabrafenib or AKTi or the combination affect cell cycle, four representative cell lines (M411, M414, M410 and M299) with different dabrafenib and AKTi sensitivities (Table 2) were treated with DMSO (control) or either drug alone or in combination for 48 hours and stained with DAPI for cell cycle distribution analysis by flow cytometry. As expected [1, 29] , single agent dabrafenib compared with the control led to G0/G1 arrest, regardless of the sensitivity to this drug, except in the more resistant cell line M299 ( Figure 5A ). However, it should be noticed that the increase in G0/G1 fraction in M414 did not quite reach statistical significance (p = 0.055). AKTi as single drug led to significant G0/G1 arrest only in the relatively more AKTi sensitive cell line M411. The combined treatment did not change the fraction of cells in G0/G1 in any of the cell lines. More interesting, in the two AKTi sensitive cell lines, M411 and M414, the combined treatment resulted in a marked increase in the subG1 fraction suggesting that this treatment induced apoptosis. We further evaluated the apoptotic induction by detection of cleaved-PARP, which is a marker of cells undergoing late apoptosis [30, 31] (Figure 5B ). The cells were treated as mentioned above and treatment with staurosporine served as a positive control for apoptosis. Cells were stained with anti-cleaved-PARP antibody and analyzed by flow cytometry (Additional file 3: Figure S3 ). In agreement with the noticed increase in subG1 fraction by cell cycle analysis, combined treatment augmented apoptosis induction compared to single drug treatments only in the two AKTi sensitive cell lines M411 and M414. The induction was relatively more pronounced in cell line M411, which is sensitive to both drugs. These findings were confirmed using a cell death detection ELISA kit (Additional file 4: Figure S4 ).
Addition of AKTi upon development of resistance to MAPK inhibitors can provide further growth inhibition in long term culture of a sensitive cell line, while triple treatment from the beginning delays the emergence of drug resistance
Whereas treatment with BRAF inhibitors at first results in tumor regression in most patients, it is a well-known fact that acquired drug resistance frequently develops [32] . To prevent or delay development of resistance to BRAFi, combinations of BRAFi and MEKi (MAPKi) are in clinical testing [12] . However, development of resistance to this MAPKi combination is predicted as well GAPDH   M262  M249  M414  M399  M411  M397  M370  M233  M410  M308  M409AR  M238  M299 and addition of AKTi from the beginning or after the emergence of resistance as an alternative option has been suggested. By using long term in vitro culture as a model, we explored whether addition of AKTi upon emergence of resistance to dabrafenib in combination with the MEKi, trametinib, could provide further growth inhibition ( Figure 6 A + B). The AKTi/MAPKi sensitive PTEN-/-cell line M397 and the AKTi/MAPKi resistant cell line M299 were cultured in 96-well plates in the presence of 200 nM dabrafenib in combination with 2 nM trametinib. Initially, growth of M397 was inhibited; after 7 days of culture a 70% reduction in cell number was achieved ( Figure 6A) . After a short period of 4-5 weeks the cells started to proliferate despite the presence of the drugs. On day 41, trametinib was replaced with 2.5 μM AKTi, which resulted in marked additional growth inhibition and decrease in cell numbers. As expected, from the beginning M299 continued growing despite the presence of the MAPK inhibitors. Therefore the experiment was performed in a shorter period of time with the switch from trametinib to AKTi on day 5, which only caused some reduction in growth rate ( Figure 6B ). Cell numbers were determined by an MTSbased assay and use of a gradient with known number of cells allowed the readout of each well to be calculated into a quantitative cell number (Additional file 5: Figure S5 ).
We then investigated whether a triple drug combination with AKTi, dabrafenib and trametinib from the beginning could delay the emergence of resistance using M397 in long term culture ( Figure 6C ). In this experiment, we treated the cells with either 200 nM dabrafenib as single drug or with 200 nM dabrafenib in combination with 2 nM trametinib or with 200 nM dabrafenib in combination with 2 nM trametinib and 2.5 μM AKTi. After 7 days of culture with dabrafenib alone or in combination with trametinib, the number of cells was reduced by 70%. However, despite the presence of the MAPK inhibitors, the cells started proliferating and within 41 days >12,000 cell/well on average were measured in the plates with single dabrafenib and in the plates with dabrafenib in combination with trametinib. Thus, addition of trametinib to dabrafenib did not delay the development of drug resistance, suggesting a non-MAPK pathway mechanism of resistance in this PTEN null cell line. In contrast, triple treatment reduced the cell number by >95% within 7 days. No signs of resistance or regrowth were evident within 99 days of culture with the triple inhibitor treatment which is in agreement with our assumption regarding the role of AKT pathway in resistance to MAPK inhibitors and possibility of using AKTi to avoid resistance. 
Discussion
Co-targeting the MAPK and the PI3K-AKT pathway is a compelling approach given the frequent cross-talk and regulating feedback loops between these two pathways [24, 27] . Moreover, activation of the PI3K-AKT pathway has been suggested to mediate resistance to MAPK inhibitors [6, 13, 16, 22, 25, 26] , which strengthens the potential concept of inhibiting both pathways simultaneously. In our series, the single agent activity of the AKTi was more prominent in PTEN null cell lines and the only AKT mutant cell line, while the antitumor activity of dabrafenib was not negatively impacted by the presence of these alterations in the PI3K-AKT pathway. Our studies show that combining dabrafenib with AKTi had synergistic effects on growth inhibition in the majority of BRAF V600 mutant melanoma cell lines tested compared to single agent treatments, regardless of their sensitivity to the individual agents. The cell lines that did not show synergistic (See figure on previous page.) Figure 5 Combined treatment with dabrafenib and AKTi increases the subG1 fraction and induces apoptosis in cell lines sensitive to AKTi as single agent. Four representative melanoma cell lines with differential sensitivity to single agent AKTi and dabrafenib (Table 2) were cultured in DMSO (control), 1 μM staurosporine (positive control for apoptosis), 50 nM dabrafenib, 2.5 μM AKTi or the combination for 48 hours and stained with DAPI for cell cycle analysis (A) and anti-cleaved-PARP for apoptosis analysis (B). Bars represent the average cell fractions of minimum two independent experiments and the error bars represent the SEM. * p < 0.05 when comparing single agent dabrafenib with the combination treatment.
effects at IC50 belonged to the group very sensitive to single agent dabrafenib. The lack of synergism in this group is likely due to the fact that 50% growth inhibition was achieved at concentrations lower than 1 nM, which was the lowest concentration in the dilution series used. This makes the calculations of IC50 less reliable and an extension of the lower concentration range would likely result in measurable synergistic growth inhibitory effects. In fact, in 4 out of the 5 cell lines in question showed synergistic effects at IC75 (data not shown).
The finding that PTEN null and other cell lines expressing high levels of p-AKT are among the dabrafenib sensitive cell lines indicates that activation of the PI3K-AKT pathway is probably not a reason for the innate resistance to BRAF inhibition. Another explanation for this finding could be that, although these cell lines are primarily dependent on MAPK for their proliferation, they also to some extend are dependent on PI3K-AKT pathway for their proliferation and survival. This idea can be supported by the fact that in growth assays, these cell lines exhibit sensitivity to both dabrafenib and AKTi as single agents, and the combination treatment induced apoptosis in one tested PTEN null cell line (M411). Other studies exploring dual inhibition of the MAPK and the PI3K-AKT pathway using a different panel of inhibitors also found that combinations of MAPK and PI3-AKT pathway inhibitors augment induction of apoptosis in melanoma cells compared to single drug treatments [19, 33, 34] . Moreover, in cell lines with high levels of p-AKT, cell cycle analysis, apoptosis assay and long term drug treatment assays indicate the importance of both pathways and suggest that PI3K-AKT pathway gains higher importance in long term presence of BRAF inhibitors and during development of resistance to MAPK inhibitors.
In our studies, reduction in p-S6 seemed to be a good predictor of sensitivity to either of the single drugs or their combination. Reduction in p-S6 as a predictor of response to RAF and MEK inhibitors has also been described by others [35, 36] and our data provides further evidence for the alleged cross-talk between the two pathways. Both sensitive and partially resistant cell lines to either drug exhibited decrease in p-S6 with single drugs or the combination, and a clear reduction was noticed in the double-resistant cell line M409AR with the combinatorial treatment. However, this was not observed in the cell line M299, which is even more resistant to both drugs and their combination. This suggests that reduction of p-S6 may be an indicator of response to either or dual targeting of MAPK and the PI3K-AKT pathway.
In the study of AKTi's effects on the PI3K-AKT pathway, we observed a considerable increase in p-AKT at both phosphorylation sites namely T308 and S473. This induction suggests that the inhibition of AKT either abrogates a negative feedback loop or induces a positive regulation mechanism. Two different proteins have been reported to be responsible for phosphorylation at site T308 and S473, PDK1 acting from upstream and mTORC2 acting from downstream of AKT, respectively. A wellestablished feedback loop mediated by S6K inhibits the PI3K-AKT pathway through phosphorylation and inactivation of insulin receptor substrate-1 (IRS1), which activates PI3K [20, 37] . Hence, inhibition of AKT would be expected to decrease phosphorylation of downstream S6K, consequently resulting in a feedback activation of PI3K with subsequently PDK1 activation and increased pAKT308 levels. However, in our study induction of pAKT308 was not consistently accompanied by a decrease in p-S6K. This could be explained by PDK1's ability to phosphorylate S6K directly [38] , and an induction in p-S6K by AKTi was in fact observed in M410.
Most patients with metastatic melanoma have early response with BRAF inhibitors as monotherapy, but acquired resistance frequently develops and the majority of patients experience relapse with a median of 6-7 months [4] . Supported by preclinical data showing that reactivation of the MAPK pathway often mediates acquired drug resistance [39, 40] , the effects of combination therapy with dabrafenib and the MEK inhibitor trametinib were evaluated in a phase I/II trial. It was found that BRAFi/ MEKi combinatorial treatment improved the median progression-free survival and increased the response rate [12] . Though, as for monotherapy, resistance to the combined therapy invariably develops. Work from a recent publication by Wagle et. al suggest that most of the mechanisms of acquired resistance to combined BRAF and MEK inhibitor therapy represent alterations which retain the MAPK pathway active. Two of three reported MAPK alterations had previously been described in the context of resistance to RAF and MEK inhibitor monotherapy [41] . In addition to molecular changes in MAPK, genetic alterations up-regulating the PI3K-AKT pathway have been detected concurrently in the same tumor progressing on MAPK inhibitor therapy [39] . This suggests that BRAFi/ MEKi combination therapy may lead to increased reliance on MAPK-independent pathways such as the PI3K-AKT pathway during drug escape. The results from our experiment modeling this scenario showed that replacement of trametinib with AKTi after the emergence of resistance to the combination of dabrafenib and trametinib had considerable growth inhibitory effects in the PTEN-/-AKTi sensitive cell line, M397. After removal of trametinib one can hypothesize that the melanoma cells would switch back to depend on BRAF independent MAPK pathway signaling, which naturally raises the thought of combining all three inhibitors; dabrafenib, trametinib and AKTi. Using the same cell line, our data demonstrates that triple combinatorial treatment can delay the emergence of drug resistance significantly. Cells cultured in the presence of dabrafenib and trametinib started re-growing within 4-5 weeks, while we were not able to detect any signs of resistance and regrowth in the presence of all three inhibitors within 99 days of culture.
Conclusion
Overcoming resistance to BRAFi is a major problem in the treatment of metastatic melanoma. Multiple strategies including combinatorial therapies are evaluated in the attempt to solve this problem. Herein, we showed that combining the BRAF inhibitor dabrafenib with an AKTi potently inhibits growth in the majority of melanoma cell lines tested and induces cell death in a subset of cell lines. Moreover, AKT inhibition demonstrated ability to reverse acquired drug resistance to combination therapy with dabrafenib and trametinib in the single AKTi sensitive cell line that was tested (M397). Finally, triple drug administration delayed the emergence of drug resistance in that particular cell line. Thus, combining dabrafenib with an AKTi appears to be a promising strategy for more effective treatment of melanoma. This is the basis of a US cooperative group clinical trial (S1221, NCT 01902173), which has the goal of determining the safety of the combination of dabrafenib and the clinical grade AKTi GSK2141795, and early evidence of the antitumor activity of this combination in patients progressing on prior BRAFi-based therapy.
Materials and methods
Reagents
Dabrafenib (GSK2118436A), trametinib (GSK1120212B) and GSK2141795B (AKT inhibitor, AKTi) powder were obtained under a materials transfer agreement with GlaxoSmithKline (GSK, PA). The compounds were dissolved in dimethyl sulfioxide (DMSO, Sigma-Aldrich, St. Louis, MO) to a stock concentration of 10 mM.
Cell lines and culturing
Human melanoma cell lines from the M series were established from patient's biopsies under the University of California Los Angeles (UCLA) Institutional Review Board approval IRB#02-08-067. Cell lines with in vitro acquired resistance to vemurafenib were generated as previously described [13] and labeled as the parental cell line followed by "AR" for acquired resistance. Cells were cultured in RPMI 1640 with L-glutamine (Mediatech Inc., Manassas, VA) containing 10% fetal bovine serum (FBS, Omega Scientific, Tarzana, CA) and 1% penicillin, streptomycin and amphotericin (Omega Scientific). All cell lines were mycoplasma free when periodically tested using a Mycoalert Mycoplasma Detection Kit (Lonza, Rockland, ME). Cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 and passaged into new flasks as needed. Information of the mutational status of the cell lines used in the study has been previously described [1] .
Growth assays
For short term growth assays, melanoma cell lines were seeded in 96-well plates (3000 cells/well). The following day, the cells were treated in duplicate with dabrafenib, AKTi or the combination in 10-fold serial dilutions starting from 10 μM for 72-120 hours depending on each cell line's specific growth rate. Cell viability was measured by using the CellTiter-GLO® Luminescent Cell Viability assay (Promega, Madison, WI). The IC50 values were determined by interpolation from the dose-response curve. Each experiment was repeated at least three times and the average of minimum two is presented. In long term assays, cells were seeded in 96-well plates (10,000 cells/well). To study delays in emergence of resistance, the cells were treated with 200 nM dabrafenib (2 × IC80 for M397) alone or in combination with 2 nM trametinib (2 × IC80 for M397) or the combination of all three drugs including 2.5 μM AKTi. In another setup, cells were treated with dabrafenib and trametinib at the above mentioned concentrations and upon development of resistance to these two drugs, trametinib was replaced with 2.5 μM AKTi. Culture media containing the drugs was changed once a week. Growth of the cells was monitored and upon confluence of some wells, a gradient of the cells were plated to be used as a reference for the cell number. One hour before cell viability was determined using a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)-based colorimetric cell proliferation assay (Promega) the drug media was replaced with fresh culture media without drugs to eliminate measurement of absorbance of the drugs and to reduce the drugs impact on mitochondrial activity.
Western blotting
Cells were seeded in 12-well plates at a density of 200,000 cells/well. The next day, the culture medium was replaced with media containing DMSO, 50 nM dabrafenib, 2.5 μM AKTi or the combination. After 24 hours, the media was removed and the cells were lysed directly in the wells for 15-20 min with lysis buffer (Pierce RIPA buffer, Thermo Scientific) containing phosphatase-and protease inhibitors (Sigma) and protein was extracted for western blot analysis as previously described [19] . Blots were blocked and probed with primary antibodies in 5% milk or 5% bovine serum albumin (BSA) in 1% Tween-20 phosphate-buffered saline (PBS-tween), washed with PBS-tween three times and incubated with horse-radish-linked secondary antibodies. Primary antibodies included p-AKT Ser473 and Thr308, AKT, p-S6K Thr389, S6K, p-S6 Ser235/236, S6, p-4EBP-1, 4EBP-1, p-GSK-3β, GSK-3β and GAPDH (all from Cell Signaling Technology, Danvers, MA). The immunoreactivity was visualized by use of an ECL-2 kit (Pierce, Thermo Scientific) and scanning of the blots by a Typhoon scanner (Amersham Biosciences Co, Piscataway, NJ). Quantification of protein levels from western blot analysis was done using ImageQuant software (version 5.2 Molecular dynamics).
Cell cycle and apoptosis analysis
Cells were seeded at a density of 200,000 cells/well in 6-well plates. The following day, the culture medium was replaced by medium containing DMSO, 1 μM staurosporine (positive control for apoptosis), 50 nM dabrafenib, 2.5 μM AKTi or the combination. After 48 hours of exposure to the drugs, both adherent and floating cells were harvested by trypsinization and fixed for 20 minutes with Cytofix/Cytoperm solution (BD Biosciences, San Jose, CA). For apoptosis, cells were stained with Alexa Flour700 linked anti-cleaved-PARP antibody (5 μL/ 1 × 10 6 cells, BD biosciences) for 30 minutes. Next, for cell cycle analysis, the cells were washed with Perm/Wash (BD Bioscience) before resuspended in 3 μM DAPI (Sigma-Aldrich) solution diluted in PBS containing 1% bovine serum albumin at a concentration of 1 × 10 6 cells/mL. Flow cytometry was performed on a LSR-II (BD Bioscience) and data was analyzed using FlowJo (PC version 7, Tree Star Inc, Asland, OR).
Cell death detection ELISA
Melanoma cell lines (5,000/well in 96-well plate) were treated in triplicate with DMSO, 50 nM dabrafenib, 2.5 μM AKTi or the combination for 48 hours. Apoptosis was quantified by anti-body-mediated capture and detection of cytoplasmic mononucleosome-and oligonucleosomeassociated histone-DNA complexes (Cell death Detection ELISA plus kit, Roche) according to the manufacturer's instructions. Results were expressed as the average absorbance value of triplicates.
Statistical analysis
IC50 values were calculated on the basis of the growth inhibition curves and define the concentration of drugs that resulted in 50% growth inhibition. Synergistic, additive or antagonistic effects of the drug combinations were determined by the use of the combination index (CI) method of Chou and Talalay using the Calcusyn software (version 2.0 Biosoft, Cambrigde,UK). Any CI values less than 1 indicates synergism, CI = 1 additive effect and CI > 1 antagonism. Error bars represent the standard error of the mean (SEM). A two-tailed unpaired t-test was used when applicable. P-values < 0.05 were considered to be statistically significant.
